Recently, we reported using a solid-phase enzyme-linked immunosorbent assay (ELISA) technique that glomerular mesangial cells, the principal cell type residing in glomerular mesangium, accumulate 50-60% more fibronectin (FN), laminin (LM), and type IV collagen (T-IV) when cultured in medium containing high glucose (30 mM) (S. H. Ayo, R. A. Rodnik, J. Garoni, W. F. Glass II, and J. I. Kreiberg. Am. J. Pathol. 136: 1339 Pathol. 136: -1348 Pathol. 136: , 1990 ). ECM assembly is controlled by its rate of synthesis and degradation, as well as its binding and rate of incorporation into the ECM. To elucidate the mechanisms involved, pulsechase experiments were designed to estimate ECM protein synthesis from the incorporation of Trans-35S ( [35S]methionine, ["Slcysteine) into immunoprecipitated FN, LM, and T-IV. mRNA levels were examined, and degradation rates were estimated from the disappearance of radioactivity from matrix proteins in mesangial cells previously incubated with Trans-35S. One week of growth in 30 mM glucose resulted in -4O-50% increase in the synthesis of all three matrix proteins compared with 10 mM glucose-grown cells. This was accompanied by a significant increase in the transcripts for all three matrix proteins (approximately twofold). The specific activity of the radiolabel in trichloroacetic acid-precipitable cell protein showed no difference between cells grown in 10 or 30 mM glucose, indicating that total protein synthesis was unchanged. After 1 wk, the rate of FN, LM, and T-IV collagen degradation was unchanged. Thus the increase in matrix transcripts and synthesis of FN, LM, and T-IV contributes significantly to the increased accumulation of these matrix proteins in mesangial cells grown in 30 mM glucose and, similarly, may also be involved in the increased deposition of these proteins in the diabetic mesangium.
fibronectin; laminin; type IV collagen; diabetic mesangium DIABETES MELLITUS is a major cause of renal morbidity and mortality. Nephropathy in insulin-dependent diabetes mellitus follows a period of clinical silence where only subtle functional alterations can be found. After 15-20 years, overt proteinuria, hypertension, and declining glomerular filtration rate can be measured in -25-40% of all patients (23, 25). The pathognomic renal lesion that correlates with the clinical expression of the disease is the intercapillary glomerulosclerosis or Kimmelsteil-Wilson nodules composed of increased extracellular matrix (ECM) material in the mesangium (12, 13) . Although strong evidence exists in animals and humans that the glomerulopathy is related to the diabetic state (14, 22) , the precise mechanisms of diabetic glomerulosclerosis remain unknown.
Because of the many metabolic abnormalities and the number of years it takes to develop the disease, whole animal studies to elucidate the mechanisms of mesangial expansion are difficult to design. With homogeneous cultures of glomerular mesangial cells, the culture conditions can be precisely controlled making it possible to study the effect of glucose on mesangial cell ECM metabolism. Recently we reported that mesangial cells accumulate increased amounts of fibronectin, laminin, and type IV collagen when cultured in medium containing 30 mM glucose (3). To elucidate the possible mechanisms involved, we studied the effects of glucose on the synthesis and degradation of matrix proteins by mesangial cells. It appears that cells grown in 30 mM glucose have an increased rate of fibronectin, laminin, and type IV collagen synthesis, whereas the degradation of these proteins remains unaffected. mRNA for all three matrix proteins was also measured as further support of increased synthesis of these matrix proteins as the mechanism of increased accumulation in cells grown in 30 mM glucose. These experiments revealed a significant increase in all three transcripts after 4 days of growth in 30 mM glucose. Thus it appears that elevated glucose may play a significant role in the developing glomerulopathy accompanying diabetic nephropathy.
METHODS
Isolation and culture of glomerular mesangial cells. Glomeruli were isolated and pooled from six 200-g male Sprague-Dawley rats (Harlan Sprague Dawley, Houston, TX) using a graded-sieve technique and were plated for culture in RPM1 1640 tissue culture medium with 20% fetal calf serum (FCS) plus penicillin, streptomycin, and fungizone (complete medium) (Irvine Scientific, Santa Ana, CA) for explant growth of glomerular cells (15) . Positive identification of mesangial cells was obtained by ultrastructural examination and shape change in response to adenosine 3',5'-cyclic monophosphate (CAMP) elevating agents (16). In addition, vasopressin-stimulated mesangial cell phosphoinositide turnover (33). All cells were used at confluence between the 20th and 40th passages. At this time there was no difference in cell density between the 10 and 30 mM glucose conditions as determined by DNA analysis or cell counts. Mesangial cells were grown for 1 wk under normal (10 mM) and high (30 mM) glucose conditions. Although 10 mM glucose is high compared with normal blood glucose levels (5 mM), this is the amount necessary for mesangial cells to grow well in culture (Kreisberg, personal observation) . Also, since the tissue culture medium contains 20% FCS, the possibility existed that there could be a considerable amount of insulin present. However, when the insulin concentration was measured by radioimmunoassasy (RIA) (Smith Kline Bio-Science Laboratories, Houston, TX) in RPM1 with 20% FCS, we found it to be low, in the range reported for streptozotocin diabetic rats (6 pU/ml) (1).
DNA determinants. Mesangial cells exposed to 10 and 30 mM glucose were rinsed three times in ice-cold phosphate-buffered saline (PBS, 0.01 M, pH 7.3). Cells were scraped with 1 ml cold PBS four times. The cell suspension was sonicated for 8-10 s while it was in an ice bath. The samples and DNA standards (100 ~1) were pipetted in 2.5 ml of 4-6-diamidino-2-phenylindole (DAPI) reagent and vortexed immediately (11). All incubations were done in the dark at 25°C for 20 min minimum and 120 min maximum. Relative fluorescence was measured in a fluorescence spectrophotometer at 360 nm excitation and 450 nm emission.
Fibronectin, laminin, and type IV collagen synthetic rates. For determining fibronectin, laminin, and type IV collagen synthetic rates, mesangial cells maintained in culture for 1 wk were rinsed three times in Hanks' balanced salt solution with Ca2+ and Mg2+ (HSS) and incubated in methionine, and cysteine-deficient RPM1 1640 (deficient RPM1 1640) containing 50 &i/ml Fibronectin, laminin, and type IV collagen degradation from the ECM. For determining fibronectin, laminin, and type IV collagen degradation rates, mesangial cells grown for 1 wk in media containing 10 or 30 mM glucose were rinsed as above and pulse labeled in deficient RPM1 1640 containing 25 &i/ml Trans-35S and 2% FCS for 18 h. The cells were subsequently rinsed and chased in complete medium for 1, 2, and 3 days. Media and whole cells were collected as above for immunoprecipitation.
Radiolabel in total cell protein. The specific activity of Trans-35S in the total cell protein was measured to determine whether glucose was having an effect on all cellular proteins. Proteins were isolated from aliquots of the whole cell extracts by trichloroacetic acid precipitation. Radioactivity was determined and proteins quantified by the bicinchoninic acid (BCA) method (Pierce, Rockford, IL) (31).
Immunoprecipitation. Radiolabeled medium from the synthesis experiments described above was diluted (1:1) with immunoprecipitation buffer [20 mM PBS, pH 7.2, containing 0.68 M sucrose, 2% NP-40,1 mM EDTA, and 2 mM phenylmethylsulfonic fluoride (PMSF)] . Whole cell extracts (containing ECM proteins) in sample buffer were diluted IO-fold in immunoprecipitation buffer (19). Samples (0.5 ml) were mixed with lo-20 rug of nonspecific rabbit immunoglobulin G (IgG). The samples were incubated for 1 h at 4°C. Next, samples were mixed with 50 ~1 of 10% fixed protein A-bearing Staphylococcus aureus (Pansorbin; Boehringer Mannheim Biochemicals, Indianapolis, IN) and incubated for 4 h at 4°C with mixing. The tubes were centrifuged for 60 s in a Beckman microfuge (Beckman Instruments, Palo Alto, CA), and the supernatants were removed and mixed with lo-20 pg of specific antibody. Polyclonal antibodies to fibronectin (rabbit antihuman fibronectin; Cappel, Westchester, PA), laminin (rabbit anti-EHS laminin; GIBCO/BRL Life Technologies, Gaithersburg, MD), and type IV collagen (goat antibovine type IV collagen; Southern Biotechnology, Birmingham, AL) were used for immunoprecipitation. The samples were incubated overnight at 4°C. The samples were then mixed with 50 ~1 of Pansorbin for 4 h at 4°C and centrifuged, and the Pansorbin immune complex pellet was washed one time with immunoprecipitation buffer and two times with 50-fold excess washing buffer (50 mM Tris . HCl, pH 8.3, 0.45 M NaCl, 0.5% NP-40). The Pansorbin immune complex pellet was dissolved in 150 ~1 of electrophoresis sample buffer and heated (with 5% P-mercaptoethanol) for 5 min at 100°C. An aliquot was counted in a scintillation counter, and the data were expressed as the amount of radioactivity per 1,000 cells. Cell counts were determined on replicate wells (we have found that cell counts never vary more than 5% on cells plated and grown under identical conditions). The data were subjected to Student's t test. To confirm the identity of the immunoprecipitated protein, equal volumes of samples were electrophoresed on 5-15% linear gradient SDS-polyacrylamide gels using the discontinuous buffer system of Laemmli (18) and autoradiographed.
RNA isolation and Northern analysis. Total RNA was isolated from cultured mesangial cells after 1, 2, 3, and 4 days and 1 wk of growth in either 10 or 30 mM glucose by acid guanidinium thiocyanate-phenol-chloroform extraction, as described by Chomczynski and Sacchi (7). Thirty micrograms of RNA were electrophoresed in a 1.1% agarose (BRL, Bethesda, MD) 1.0 M formaldehyde gel (21) at 120 V for 4-5 h. The gel was blotted for 18-24 h to a charged nylon membrane according to the manufacturer's recommendations (Gene Screen Plus, DuPont-New England Nuclear, Wilmington, DE). Equal amounts of RNA were loaded on the basis of absorbance at 260 nm. Equivalency of the samples and lack of degradation was verified by ethidium bromide staining of the 28s and 18s rRNA bands. Blots were prehybridized at 45°C in 50% formamide-1% SDS-l M NaCl-10% dextran sulfate for 12-16 h. cDNA clones obtained for use as hybridization probes were as follows: 1) fibronectin probe consists of a 500-bp EcoR-I fragment of a rat fibronectin cDNA (30) collagen 2 x lo6 cpm/ml) and sonicated denatured h. IPP, immunoprecipitated; * P < 0.05, n = 4.
salmon testes DNA (Sigma Chemical, St. Louis. MO) were added and hybridized at 45°C with constant'agitation for 40 h. The blots were washed with saline sodium citrate buffer (2xSSC)/l% SDS twice for 20 min at RT, once for 20 min at 65°C followed by washing in 0.1~ SSC/l% SDS at 65°C for 40 min. Autoradiographs of blots were developed after 5-6 h (fibronectin and actin) and 72 h [Bl-laminin and CY~ (IV)-collagen] exposure to Kodak AR film with an intensifying screen at -70°C. Autoradiographs were scanned using an LKB 2202 Ultrascan laser densitometer, and the resulting values were used to calculate the relative amounts of fibronectin, Bllaminin, LY~ (IV)-collagen and P-actin mRNAs. To correct for differences in sample loading, the signals from these three ECM proteins' mRNAs were normalized with that from ,8-actin mRNA so a semiquantitative measure of the abundance of the ECM mRNAs could be obtained. To strip off the hybridized probe, the blots were boiled in a solution of 0.01% SSC and 0.1% SDS three times for 30 min.
RESULTS
Mesangial cells for these experiments were used between passages 20 and 40. We found these cells to behave similarly to earlier passaged cells; that is, they change shape from flat cells to highly arborized cells with long thin processes in response to CAMP-elevating agents (16). Additionally, phosphoinositide turnover is stimulated in response to vasopressin similar to earlier passaged cells (33).
Matrixproteins synthetic rates. To determine the effect of growth in 30 mM glucose on mesangial cell fibronectin, laminin, and type IV collagen synthesis, cells were pulselabeled with Trans-35S after 1 wk of growth in either 10 or 30 mM glucose. Because fibronectin is secreted before being bound to a cell surface receptor (2, 24), media and whole ceil extracts were immunoprecipitated with polyclonal antibodies to all three matrix proteins. Mesangial cells cultured in RPM1 1640 containing 30 mM glucose for 1 wk synthesized 40-50% more fibronectin, laminin, and type IV collagen ( Fig. 2 . We believe these represent nidogen, which forms SDS-resistant complexes with laminin (27). On electrophoresis, two bands, in addition to the A and B chains, are evident migrating at 150 and 100 kDa. Laser scanning densitometry revealed that the B chain of laminin was increased approximately twofold, whereas the 150-kDa protein (nidogen) was increased 70% in cells grown in 30 mM glucose. Although we do not show an autoradiogram of our immunoprecipitated type IV collagen, we have confirmed that we immunoprecipitated the proper molecular species.
The observed increase in matrix protein synthesis was not caused by differences in cell density as determined by cell counts and DNA measurements (10 mM glucose = 631,000 f 32,000 vs. 617,000 f 30,000 cells for 30 mM glucose, n = 17; 10 mM glucose = 0.76 f 0.2 vs. 0.77 + 0.2 pg DNA/ml in the 30 mM glucose cells, IZ = 15).
We determined the specific activity of the radiolabel in trichloroacetic acid-precipitated cellular protein and found no evidence of increased total protein synthesis in cells grown in 30 mM glucose (Table 2) . Thus growth in 30 mM glucose causes an increase in extracellular matrix protein synthesis without increasing total protein synthesis.
Northern analysis of extracellular matrix transcripts.
To determine whether the observed increase in matrix protein synthetic rates was due to an increase in fibronectin, laminin, and type IV mRNA, RNA isolated from mesangial cells grown for 1, 2, 3, and 4 days, and 1 wk in 10 and 30 mM glucose was electrophoresed and a Northern blot probed with cDNAs to rat fibronectin, mouse B1-laminin, and mouse 01~ (IV)-collagen. Increased mRNA encoding all three matrix proteins was observed after 3 days of exposure to 30 mM glucose. The increase in mRNA was maximum by 4 days (-2-fold for fibronectin and laminin and 1.7-fold for type IV collagen, Fig.  3A) and remained elevated at least twofold after 7 days of growth in 30 mM glucose, as determined by laser scanning densitometry. Similar results have been found in four separate experiments. Blots were also probed with a cDNA to @-actin to correct for sample loading differences (Fig. 3B) . Finally, when cells were grown for 1 wk in 30 mM glucose prepared with the nonmetabolized glucose analogue 3-O-methyl-D-glucose, there was no increase in ECM transcripts.
Fibronectin and laminin degradation rates. To examine whether there was an alteration in fibronectin, laminin, and type IV collagen degradation rates, which could also lead to ECM accumulation (i.e., decreased degradation), mesangial cells grown for 1 wk in 30 mM glucose were labeled with Trans-35S overnight and chased in complete medium (i.e., RPM1 1640 20% FCS) for 1, 2, and 3 days. Fibronectin, laminin, and type IV collagen were immunoprecipitated from whole cell extracts and chase medium. Figure 4 shows the results obtained for these proteins after 1 wk of growth in 10 and 30 mM glucose. As can be seen, the rate of decline of label, representing immunoprecipitated fibronectin (Fig. 4A) and laminin (Fig. 4B) , and type IV collagen (Fig. 4C ) and increase in label in the chase medium, was similar in both 10 and 30 mM glucose-grown cells. Autoradiograms of immunoprecipitated fibronectin and laminin from the chase medium revealed lower molecular weight species indicative of fibronectin and laminin degradation (data not shown). Thus there appears to be no defect in fibronectin, laminin, or type IV collagen degradation in cells grown in 30 mM glucose. growth in 30 mM glucose mesangial cells demonstrated a 50-60% increase in fibronectin, laminin, and type IV collagen accumulation, which rose to a nearly twofold increase after several months. Matrix protein accumulation was measured by a solid phase enzyme-linked immunosorbent assay (ELISA). Thus it appeared that cultures of mesangial cells were a suitable model to study the mechanisms of ECM protein accumulation in cells grown in 30 mM glucose.
Our findings of a 200% increase in these matrix proteins' mRNA after 4 days and an increase in protein synthesis after just 1 wk of growth in 30 mM glucose shows that alterations occur shortly after exposure to glucose. Also, our experiments using D-glucose indicate that glucose must be metabolized to exert an effect on ECM transcripts. Because the accumulation of ECM leads to renal insufficiency over the course of many years, a 40-50% increase in ECM protein synthesis is indeed significant when the chronic nature of the disease process is considered. Also, this increase in matrix protein synthesis occurs without an increase in total protein synthesis. In contrast to the autoradiogram of the immunoprecipitated fibronectin, it is apparent from the autoradiogram of immunoprecipitated laminin (Fig. 2 ) that proteins other than laminin are immunoprecipitated.
It has been reported that laminin forms SDS-resistant complexes with nidogen, another ECM protein with an apparent molecular mass of 150 kDa (27). Immunoprecipitation of extracts of EHS sarcoma with either antiserum to laminin or nidogen results in recovery of both proteins. Immunoprecipitation in SDS has been reported to result in progressive breakdown of the 150-kDa form of nidogen to a lOO-kDa form. Other lower molecularmass forms of nidogen have also been described (27). Two other major bands, in addition to laminin, are apparent in our autoradiogram with molecular masses of ~150 and 100 kDa, which most likely represent nidogen. Laser scanning densitometry reveals that the 150-kDa form is likewise increased in cells grown in 30 mM glucose.
ECM protein accumulation may not only be the result of increased synthesis and/or decreased degradation of the matrix proteins, but may also be due to alterations to the matrix binding receptor that mediates assembly of fibronectin into fibrillar disulfide-bonded structures (2, 24). Thus increased deposition into the ECM may also be affected by its binding and rate of incorporation into the matrix. This mechanism could be important in the development of diabetic glomerulosclerosis, where the patient's blood glucose fluctuates widely. For example, uncontrolled diabetes may be expected to result in increased synthesis, binding, and incorporation of fibronectin into the ECM; however, under normoglycemic conditions the ECM may continue to accumulate in the FIG. 4. Mesangial cells were grown for 1 wk in either 10 or 30 mM glucose-containing medium. Cells were labeled overnight in RPMIdeficient medium (10 or 30 mM glucose) containing 2% fetal calf serum (FCS) and 25 &i/ml Trans-3" S. After overnight label, one set of dishes was extracted in sample buffer and immunoprecipitated with an antibody to fibronectin (FN), laminin (LM), or type IV collagen (T-IV) (0 time). Remaining dishes were rinsed 3 times and chased in complete RPM1 for 1, 2, and 3 days. Chase medium and whole cell extracts were immunoprecipitated.
Data are means t SD, n = 4.
face of normal ECM protein synthesis due to alterations in the binding and rate of incorporation of matrix protein. Although we did not determine the binding and rate of incorporation of fibronectin into the ECM in mesangial cells cultured in 30 mM glucose, studies in skin fibroblasts isolated from the genetically diabetic KK mouse show that the synthesis and rate of incorporation of fibronectin into the ECM is increased (28). The presence of excess matrix protein could also accelerate matrix accumulation due to the presence of matrix binding domains for other matrix proteins (e.g., fibronectin
contains collagen-binding domains) (32). Thus, even in metabolically controlled diabetic subjects, mechanisms exist that could result in continual deposition of ECM material.
Several studies using cultured cells have demonstrated that the diabetic state results in changes in ECM metabolism. For example, human umbilical vein endothelial cells grown in 30 mM glucose show increased expression of mRNA coding for fibronectin and type IV collagen (6). This change in gene expression is maintained through multiple passages and is independent of the proliferative state of the cells. Studies in animals made diabetic with streptozotocin indicate that basement membrane synthesis is increased in renal glomeruli (9). Accompanying this increased synthesis, rat renal glomerular protocollagen hydroxylase activity is increased (8). In other studies, it was demonstrated that mRNA for the Bl chain of laminin but not for type IV collagen is increased in whole kidney RNA isolated from streptozotocin diabetic rats (29).
It has been shown that the major pathophysiological consequence of hyperglycemia is the excessive chemical interaction of glucose with proteins leading to its attachment to these proteins without the aid of enzymes (nonenzymatic glycosylation) (5). These products, on longlived proteins such as those in the mesangium (e.g., fibronectin and laminin), may not dissociate but instead form irreversible advanced glycosylation end products. It has been shown that glycosylated glomerular basement membrane is resistant to digestion by proteases (20). Thus it has been suggested that increased basement membrane accumulation may be due to nonenzymatic glycosylation.
The studies presented here appear to indicate that degradation is unaltered in mesangial cells; however, the amount of time the cells were exposed to 30 mM glucose probably did not lead to crosslinking of ECM proteins to make them less susceptible to degradation.
The extent of advanced glycosylation end product formation in conditions of cell culture is probably quite small by comparison with what occurs in patients who have had diabetes for many years. Advanced glycosylation end product formation under these circumstances could play a significant role in ECM accumulation.
On the other hand, formation of early glycosylation products (i.e., Schiff bases and ketoamines) are fairly rapid and reach equilibrium in a matter of hours to days. Therefore, these chemical modifications to matrix proteins or other proteins involved in the regulation of ECM turnover may indeed play a role in the causation of increased synthesis and incorporation of matrix proteins in tissue culture models of diabetes. For example, chemical modification of matrix proteins or receptors may send false signals to the cell causing it to perceive less matrix formation and thus stimulate the cell to synthesize more matrix. Finally, alterations in media osmolality due to high glucose may be the signal for increased ECM protein synthesis.
We measured the osmolality of the growth media containing 10 and 30 mM glucose by the freezing point depression technique and, much to our surprise, there was no significant difference between them. However, the measurements may have been complicated by the presence of serum protein in the medium. We measured the freezing point depression with and without serum in the medium and the data show that the anomaly may be attributed to protein. We found further that if the freezing point is measured in media exposed to cells for several days, the results indicate consumption of glucose. We have preliminary data that show that higher glucose in the medium results in higher glucose transport and higher potential metabolism. This brings up the issue of the relevance of osmolality of the medium in the context of our study. Various solutes in the medium are treated differently by the cells. Proteins and certain nonpermeant solutes exert oncotic and osmotic pressure that are virtually unchanging. Other solutes such as ions are transported and exchanged across membranes at different rates but are not metabolized. Yet other solutes such as glucose are transported by facilitated diffusion or cotransport but are metabolized. The potential osmotic effect of glucose cannot be controlled for because it would require another solute that is similarly transported, but not metabolized, and which would disappear from the cell interior at the same rate as glucose. Regardless of any osmotic effect of glucose, exposing the cells for just 1 wk to 30 mM glucose results in significant increases in matrix synthesis.
In conclusion, cultures of rat mesangial cells grown under conditions of 30 mM glucose show an increase of mRNA coding for the ECM proteins fibronectin, laminin, and type IV collagen. This is accompanied by an increase in ECM protein synthesis, whereas degradation rates were not affected by growth in 30 mM glucose. Although these data point to increased transcription as the cause of increased matrix protein synthesis, nuclear runoff assays are required to rule out the possibility that mRNA stabilization is affected by high glucose. 
